In this paper we describe the use of specific proteinases, surface-specific radioiodination, and antigenic reactivity in conjunction with isoelectric focusing for probing the conformations of different polioviral empty capsid species. Naturally occurring empty capsids (called procapsids) with an isoelectric point of 6.8 were resistant to proteolytic digestion by trypsin or chymotrypsin, as were empty capsids assembled in vitro in the presence of a cytoplasmic extract prepared from poliovirus-infected HeLa cells. In contrast, self-assembled empty capsids (isoelectric point, 5.0) were sensitive to both proteinases. Capsid proteins VPO and VP1 were attacked predominantly, whereas VP3 was resistant to cleavage. Unpolymerized 14S particles possessed a trypsin sensitivity which was qualitatively similar to that of self-assembled empty shells. Surface-specific iodination of virions and procapsids labeled VP1 exclusively. In contrast, radioiodination of self-assembled empty capsids labeled predominantly VPO. After radioiodination the sedimentation coefficient corrected to water at 20°C, the isoelectric point, and the trypsin resistance of the procapsids remained unchanged. Procapsids and extract-assembled empty capsids were N antigenic, whereas self-assembled empty capsids were H antigenic. Self-assembled empty capsids were not converted to pH 6.8 trypsin-resistant structures by incubation with a virus-infected cytoplasmic extract. However, 14S particles assembled in the presence of a mock-infected extract formed empty capsids, 20% of which resembled extract-assembled empty shells as determined by the above-described criteria. These and related findings are discussed in terms of empty capsid structure and morphogenesis.
The assembly of poliovirus empty capsids from precursor 14S particles was first demonstrated to occur in vitro in the presence of cytoplasmic extracts prepared from poliovirusinfected HeLa cells (13, 16) . Later, it was shown that 14S particles can self-assemble, forming empty capsid-like structures visible by electron microscopy (14) . Unlike extract-mediated assembly, this latter reaction demonstrated a marked dependence upon the concentration of 14S particles. The nature of the assembly-facilitating activity in extracts is not known, but this activity does not appear to be due to free endogenous 14S particles (12) .
We recently reported that self-and extractassembled empty capsids could be distinguished from one another by (i) isoelectric focusing under nondenaturing conditions and (ii) ratezonal centrifugation on sucrose density gradients (17) . However, the polypeptide compositions of these capsids, as well as the apparent sizes and isoelectric points (pI) of their individual polypeptides, appeared to be identical. Therefore, we concluded that the two species of in vitro empty capsids differed only in conformation.
The topography of virus particles, including the topography of picornaviruses, has been studied extensively by using surface-specific labeling techniques, such as radioiodination (5, 8, 9, 19) . When these techniques were performed with chloramine T, H202, or other oxidizing agents, tyrosine residues were labeled almost exclusively. In an effort to obtain surface specificity, a glucose oxidase-lactoperoxidase enzyme system has been used with carrier-free 1251 (5) . More recently, a solid-state oxidizing reagent, chloroglycoluril, was developed (6) . Based upon the criterion of preservation of virus infectivity, this reagent appeared to be more gentle than either chloramine T or lactoperoxidase. Studies have also indicated that chloroglycoluril is as efficient as chloramine T and more surface-specific than lactoperoxidase (10) .
Another technique for studying topography has been the use of degradative enzymes. With POLIOVIRUS EMPTY CAPSID MORPHOGENESIS the exception of foot-and-mouth disease virus, picornaviruses are very resistant to the action of proteolytic enzymes. Treatment of foot-andmouth disease virus with trypsin caused a decrease in its infectivity and cell attachment and altered its antigenicity (3) . An analysis of trypsin-treated virus by polyacrylamide gel electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS) showed that VP1 was cleaved, suggesting that this polypeptide was at the surface of the virus particle. Both VP1 and VP2 were cleaved when the 12S particles produced as by-products of virus degradation were exposed to trypsin (7) .
In this work we studied the surface configurations of the various polioviral capsid species by using proteolytic enzymes, surface-specific radioiodination, and specific immune antisera. We present evidence concerning the conformational differences between self-and extract-assembled empty capsids, as well as heat-denatured procapsids. We found that virus-infected cytoplasmic extracts possess a morphopoietic factor(s) which directs empty capsid assembly and determines capsid conformation.
MATERIALS AND METHODS Virus. Type 1 poliovirus (Mahoney strain) was used for this work. The purification methods used have been described previously (16) .
Cells. HeLa cells (S3) were cultivated in suspension culture by using Eagle minimal essential medium supplemented with Spinner salts, 2 mM glutamine, and 5% calf serum. No antibiotics were used in routine cell propagation cultures.
Preparation of virus-related particles, purification, radio-labeling, and assembly reactions. We labeled 14S particles, empty capsids, and poliovirions with 14C-or 3H-amino acid mixtures and purified them as previously described (17) . Likewise, assembly reactions were carried out as described previously (13, 14) .
Protein determinations. Protein was measured by the Bradford method (2).
Agarose gel isoelectric focusing. Isoelectric focusing of poliovirus-related particles and polypeptides was carried out in gels at pH 3.5 to 9.5, as described previously (17) .
Acrylamide gel isoelectric focusing. Focusing was carried out in gels containing 4.8% acrylamide monomer, 0.27% bisacrylamide, 8 M urea, and 2% Nonidet P-40 in double-deionized water. These reagents were passed over a mixed-bed ion-exchange resin (Bio-Rex RG 501-X8) before use. Then 2% ampholine (pH 3.5 to 9.5; LKB) was added, and the gel was polymerized in the presence of a solution containing 0.01% ammonium persulfate, 0.05% TEMED (N,N,N'N'-tetramethylethylenediamine), and 0.005% riboflavin phosphate for 1 h under a fluorescent light. Samples were solubilized in 1% SDS-5% 3-mercaptoethanol at 100°C for 3 min and cooled, and then 9 volumes of 10 M urea-4% Nonidet P-40 was added. The gels were prefocused at 200 V for 1 h, and then the samples were focused from the cathode at 200 V for 1 h, at 400 V for 1 h, at 600 V for 5 h, and at 800 V for 30 min. The catholyte was 0.5 N NaOH, and the anolyte was 0.5 N H3PO4. After focusing, the gels were fixed and fluorographed as previously described (17) .
Radioiodinations. Radioiodination of the purified particles was carried out in the presence of 1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril (chloroglycoluril). The choroglycoluril (dissolved in 0.1 ml of chloroform) was added to a borosilicate glass test tube (12 by 75 mm), and the solvent was evaporated under an N2 gas stream. The protein to be iodinated was added together with 500 ,uCi of carrier-free Na "25I buffered with 20 mM Na2HPO4 (pH 7.4) in a total volume of 0.1 ml. The reaction was carried out for 10 min at 0°C, and then the mixture was transferred to a polypropylene tube containing 10 ,ul of 250 pM KI-0.01% 3-mercaptoethanol. The iodinated proteins were separated from the free "25I by centrifugation on 15 to 30%o sucrose gradients in phosphate buffer (pH 7.2) containing 25 p.M KI and 0.001% P-mercaptoethanol. Centrifugation was in an SW41 rotor at 35,000 rpm for 4 h at 18°C. Fractions were collected from the bottom of the tube and assayed for radioactivity.
Immunoprecipitation of virus-related particles. Specific anti-N and anti-H sera were generously provided by R. Rueckert and A. Mosser (University of Wisconsin). Anti-N serum was prepared against purified poliovirus in rabbits and was adsorbed with heated virus. Anti-H serum to heated virus was made and adsorbed with native virions. Dilutions of antisera were prepared in NET (0.1 M NaCl, 1 Materials. 14C-amino acids (100 .Ci/ml) and 3H-amino acids (1 mCi/ml) were obtained from New England Nuclear Corp., Boston, Mass. Na125I (100 mCiIml; carrier-free; in NaOH, pH 8 to 10) was also obtained from New England Nuclear Corp. Chloroglycoluril (IODOGEN) was obtained from Pierce Chemical Co., Rockford, Ill. Bio-Rex mixed-bed resin was obtained from Bio-Rad Laboratories, Richmond, Calif. Trypsin (209 U/mg; N-tosyl-L-arginine methyl ester) and soybean trypsin inhibitor were obtained from Worthington Diagnostics, Freehold, N.J. Chymotrypsin A4 was obtained from Boehringer Mannheim, Indianapolis, Ind. Phenylmethylsulfonyl fluoride was obtained from Calbiochem, La Jolla, Calif. Protein ASepharose beads were purchased from Pharmacia Fine Chemicals, Inc., Piscataway, N.J.
RESULTS
To describe more precisely the kinds of empty capsids used in these experiments, we used a previously defined terminology, in which the pl and density (in grams per cubic centimeter) in CsCl are designated by a superscript and a subscript, respectively (17) . In this terminology procapsids derived from infected cells are abbreviated PRO, and empty capsids assembled in vitro are abbreviated E.C.
Trypsin sensitivity of poliovirus-related particles. Polioviral procapsids (PROT:83), extractassembled empty capsids (E.C. 9), self-assembled empty capsids (E.C.5:%), and 14S particles were tested for susceptibility to trypsin. Purified or partially purified particles were treated at 20°C with trypsin at a ratio of enzyme to protein of 1:10 (wt/wt). The reaction mixtures were sampled at 0, 10, 20, 40, and 60 min, and the samples were analyzed by SDS-PAGE. Figure 1 shows an analysis of the '4C-amino acid-labeled particles after trypsin treatment. As this figure shows, PRO6 81 and E.C.6-9 were very resistant to tryptic cleavage, as judged by the intactness of their polypeptides. However, E.C.5:%, the product of the self-assembly of 14S particles, and the 14S precursor particles themselves were sensitive to trypsin; VP0 and VP1 were attacked selectively.
Densitometric scanning of a fluorogram such as that shown in Fig. 1 permitted kinetic analyses of the reactions (Fig. 2) . The reactions of PRO 1.31 ( Fig. 2A ) and E.C1 19 ( Fig. 2B ) with trypsin showed that both of these empty capsids were relatively insensitive. A limited amount of VPO appeared to be vulnerable. From these data, it was difficult to assess whether VP1 or VP3 was attacked. After 60 min, 75 to 80% of the structural polypeptides remained intact. Whether a siz-R6.8 E.C. PRO extract-assembled empty capsids (E.C.8 ; lanes f through j), 14S particles (lanes k through o), and selfassembled empty capsids (E.C.1-09; lanes p through t) were purified as previously described (17) . They were reacted with trypsin (tolylsulfonyl phenylalanyl chloromethyl ketone treated) at a ratio of trypsin to protein of 1:10 (wt/wt) for 0, 10, 20, 40, or 60 min at 20°C. After this incubation, a 2-to 10-fold excess of soybean trypsin inhibitor was added to the mixtures, which were then solubilized by adding 2% SDS and 100 mM dithiothreitol at 100°C for 3 min. Electrophoresis was on 15% polyacrylamide gels as previously described (17) . After electrophoresis the gels were fixed, and VPO, VP1, and VP3 were visualized by fluorography. able fraction of these particles were completely trypsin resistant or whether approximately 20% of the polypeptides in any given particle were accessible to attack was not determined. In contrast, E.C.1%29 (Fig. 2C ) and 14S particles ( Fig. 2D ) were attacked at much higher initial rates, and a substantial percentage of VPO and VP1 molecules were cleaved to small peptides after 10 min of incubation. Cleavage of the VPO in both types of particles was essentially complete by 40 min. There appeared to be a small fraction of VP1 molecules associated with E.C.5 29which resisted attack. However, VP3
was unique in its trypsin resistance in both types of particles. These results also suggested that the VPO in E.C.5:0 particles was more accessible to trypsin initially than the VPO in 14S particles.
Treatment of all four types of particles with chymotrypsin yielded similar results in terms of relative susceptibilities (data not shown).
Sensitivity of heated procapsids to trypsin treatment. Previously, we reported that when PRO6 81 particles were heated at 40 to 46°C, they assumed a pI of 5.0 and a density of 1.29 g/cm3 (17) . We also reported preliminary results which indicated that heated procapsids lost a substantial amount of their VP0 molecules, yet sedimented at 70S or greater.
The change in the pI values of the procapsids caused by heating is shown in Fig. 3 . The reaction was complete within 20 min, and the heated particles focused at pH 5.0. A similar reaction was demonstrable at 37°C (data not shown). The sedimentation coefficient (corrected to water at 20°C) of heated procapsids was determined by sucrose rate-zonal sedimentation together with differentially labeled, unheated procapsids. Figure 4 shows that heated procapsids had a sedimentation coefficient which was 5 to 10% greater than that of unheated procapsids.
Purified procapsids labeled with 14C were heated at 43°C for up to 20 min and then analyzed for trypsin sensitivity. The trypsin sensitivity of these procapsids, which was determined as described in the legend to Fig. 1 , was increased by heating. After heating, predominantly VPO was cleaved to small peptides, which migrated at the gel front (data not shown; see Fig. 2C ). VP1 was also attacked but was cleaved only incompletely, generating a highly stable fragment that was only slightly smaller than VP1. The identification of this fragment as a cleavage product of VP1 is described below.
Heated procapsids treated with trypsin were analyzed by rate-zonal centrifugation. Most of the radioactivity sedimented at 80 to 85S, with only a small amount at the top of the gradient (data not shown). Therefore, most of the cleavage products produced by trypsin treatment must have remained associated with the particles under these conditions. Surface-specific radioiodination as a probe of particle conformation. Since PRO1.81 and 1 29 were resistant to trypsin, we had no information about the surface configurations of these particles. To study the procapsids further, we used a recently introduced surface-specific radioiodination technique (10).
Virus particles, PRO681, and E.C.59 were purified, and 1 ,ug of purified material was reacted with 0.1, 1.0, or 10.0 ,g of chloroglycoluril in the presence of 500 ,uCi of carrier-free Na125I, as described above. lodinated particles were separated from free 125I by sucrose ratezonal centrifugation. We found that procapsids were iodinated to specific radioactivities of 2 x 106, 4 x 106 and 5 x 106 dpm/,ug with 0.1, 1.0, and 10.0 ,ug of chloroglycoluril, respectively. When the iodinated procapsid preparations were subjected to SDS-PAGE and autoradiographed, label was found almost exclusively in VP1 (Fig.  5, lane e) .
We determined that a ratio of chloroglycoluril to protein of 1:1 was optimal for radioiodination, and this ratio was used in the iodination of poliovirus and E.C.':%. A specific radioactivity of 5.5 x 106 dpm/,Lg was obtained for virus, and a value of 8 x 105 dpm/nLg was obtained for E.C.5:%. Like PRO681, poliovirus particles were also iodinated primarily in VP1 (Fig. 5, lane d) .
In contrast, E.C.129 particles were iodinated primarily in VPO, although some impurities were also labeled (Fig. 5, lane f) . After purification, the particles were radioiodinated in the presence of chloroglycoluril (1 ,ug/,ug of protein) and 500 ,Ci of carrier-free 125I. The reaction was carried out at 0°C for 10 min. The particles were reisolated by sucrose rate-zonal centrifugation and then subjected to PAGE as described in the legend to The radioiodinated procapsids were tested for susceptibility to trypsin, as well as pl. We found that these procapsids were trypsin resistant and focused at pH 6.8 (data not shown). Thus, based on these criteria, the particles had not been denatured. The iodinated procapsids were then heated at 43°C for 15 min, after which they focused at pH 5.0 (data not shown). The heated procapsids were also treated with trypsin for 20 min at 20°C and then analyzed by SDS-PAGE (Fig. 6) . A 32-kilodalton cleavage product of VP1, designated VPla, was observed. In addition, the smaller cleavage products VPlb (17 kilodaltons) and VPlc (11 kilodaltons) were also detected.
Antigenic determinants of E.C. (Fig. 7) . These and other r-VPl a? findings are summarized in Table 1 .
P+ VP3
Evidence for a conformational difference between self-assembled empty capsids (E.C.50°) and -VP1 b mock-infected extract-assembled empty capsids.
Previously (17) , we reported that a small number of procapsid-like, pl 6.8 empty shells were VP-c formed when concentrated 14S particles were allowed to assemble in the presence of cytoplasmic extract from mock-infected cells. To characterize these empty capsids, we studied their susceptibility to trypsin.
Self-assembled empty capsids (E.C.51%29) and beled VP iin empty capsids assembled in the presence of a purified and mock-infected extract were isolated by sucrose nd to Fig. 5 c Procapsids differed from extract-assembled empty capsids only in density in CsCl (i.e., 1.31 g/cm3).
The trypsin-treated particles were also analyzed by sucrose rate-zonal centrifugation. The sedimentation coefficient (corrected to water at 20°C) of trypsin-treated E.C.5:0 was shifted from 71S to 60S, whereas the sedimentation coefficient of the mock-infected extract-assembled empty capsid species remained unchanged after trypsinization (data not shown). The ability of mock-infected or virus-infected extracts to convert E.C. 1 particles into trypsin-resistant structures could not be demonstrated, which was consistent with the inability of extracts to convert E.C.°into E.C. 9 or PRO 81, as determined by pl analysis (17) . These findings strongly suggested that mock-infected extracts contain a factor that directs a limited number of 14S particles into a similar kind of empty shell (E.C6 89) as the putative morphopoietic factor in poliovirus-infected cells. DISCUSSION Previously, we reported that the self-assembled empty capsids of poliovirus type 1 had a I of 5.0 and a density of 1.29 g/cm3 (i.e., E.C.1 29) and that the empty capsids assembled in the presence of infected-cell extract had a pI of 6.8 (i.e. E.C.619) (17) . Procapsids, which apparently exist in virus-infected cells, also focused at pH
-.oI VP3 -is ma _ _ _ _ 6.8, but they had a density of 1.31 g/cm3 (i.e., PRO 13) . At that time we ascribed the differences in pl values to differences in capsid conformation because the two species possessed polypeptides which were identical in apparent molecular weight and pI. In this paper we present more direct evidence for differences in capsid conformation.
We found that PRO68 1 and E.C.69 were both very resistant to the proteinases trypsin and chymotrypsin. In contrast, E.C.1:29 was readily attacked by both enzymes, as were the precursor 14S particles. The polypeptides of E.C.l 12 and 14S particles that were most readily attacked were VPO and VP1. We conclude from these results that the configurations of VPO and VP1 are such that extensive regions of these molecules lie exposed at the surfaces of these particles. The configurations of these polypeptides must be different in PRO6 31 and E.C.1 29, so as to be resistant to proteolysis. This does not eliminate the possibility that significant regions of these polypeptides are on the exteriors of these shells, but only means that their secondary, tertiary, and quaternary conformations make them inaccessible to the active site of the enzyme. VP3 was the only polypeptide that was resistant to proteolytic cleavage in all four parti- cles. This finding appears to be moot because under no circumstances was VP3 degraded extensively by trypsin or chymotrypsin (see below).
Each structural polypeptide appeared to have a different reactivity with trypsin, as demonstrated by the differences in the initial cleavage rates (Fig. 2) . Cleavage at one site may make previously hidden sites accessible. For example, VP3 in 14S particles was completely resistant to cleavage until most of the VP0 and VP1 molecules had been digested (Fig. 2D) ; however, even after 60 min most of this polypeptide remained intact.
It is not evident whether the limited degrees of trypsin sensitivity demonstrated by PRO681 and E.C .1.29were due to a small number of sensitive sites in every particle or to a large number of sites in a small population of particles. Previously, we reported that PRO6:81 underwent a conversion to pI 5.0 particles when it was heated (17) (Fig. 3) . The heated procapsids also became trypsin sensitive. Although it is conceivable that a small percentage of procapsids are denatured during purification, much of which is carried out at 20°C, 20 to 25% appears to be too large an amount and is inconsistent with the high energy of activation observed (about 450 kJ/mol; previously, we erroneously reported that this energy of activation was 119 kJ/mol) (17) . Also, we never found more than a few percent of the particles in procapsid preparations with a pI of 5.0. Therefore, we tentatively favor the idea that there are a few trypsin-sensitive sites on every particle and that these sites reside on certain VPO molecules or VP1 molecules or both.
We have reported the results of preliminary experiments which indicated that heated procapsids lose most of their VPO molecules (17) . It now appears that contaminating proteinases could be responsible for this observation. Indeed, VPO was predominately cleaved in heated procapsids by trypsin. Heated procapsids also showed an increased sedimentation rate of approximately 80S (Fig. 4) . The exact nature of this heat-induced change is unclear, although again it most likely reflects a change in capsid conformation. It is noteworthy that although E.C.5%0 and heated procapsids were both H antigenic (Fig. 7) , they were not identical in susceptibility to trypsin ( Fig. 1 and 6 ). Procapsids in extracts appeared to be more resistant to heating than purified PRO6.81 (unpublished data), but this may have been due to a protective effect exerted by other proteins or differences in the ionic environment.
After trypsin treatment the sedimentation coefficient of heated procapsids was conserved, indicating that most of the cleavage products remained particle associated, probably held in place by electrostatic or hydrophobic interactions. These bonds should be susceptible to high concentrations of salts or to urea and detergents.
On the other hand, trypsin treatment of E.C.29 yielded particles with a sedimentation coefficient of about 60S and a large amount of radioactivity at the top of the gradient.
Since virus particles, PRO61, and E.C.69
were resistant to proteolytic cleavage, we were unable to obtain topographical information by this method. Therefore, chloroglycoluril-catalyzed radioiodination of exposed tyrosine residues was used to probe the surface configurations of these particles. Both virus particles and PRO681 were labeled primarily in VP1. The hypothesis that VP1 is the predominant surface polypeptide in most picomavirions has been supported by the following lines of evidence: (i) the radioiodination of VP1 by the lactoperoxidase and chloramine-T method (4, 5, 9) , (ii) surface labeling of VP1 with acetic anhydride (8) and N-succinimyl proprionate (19) , (iii) the trypsin sensitivity of VP1 in foot-and-mouth disease virus (3), and (iv) virion neutralization by antibody to VP1 (9) . Coxsackievirus appears to be the only exception to date (1) . On the other hand, published data dealing with the topography of procapsids is scanty (5 (17) , and both types of particles were radioiodinated primarily in VP1 (Fig. 5) . Evidently, the cleavage of VP0 that occurs upon RNA encapsidation may not have the profound effect upon capsid conformation that was once believed.
In contrast to the other polioviral capsid species, E.C.5l0 shells were radioiodinated primarily in VPO, a finding that complements the susceptibility of this polypeptide to trypsin (Fig. 1) . The fact that VP1 was also cleaved by trypsin but was not iodinated may indicate that cleavage of VPO is a prerequisite to VP1 susceptibility to trypsin (Fig. 2) or that the exposed portions of VP1 lack tyrosine residues. In any case, the exposed regions of VPO and VP1 are different in self-assembled empty capsids than in procapsids or E.C.61 9 How is the conformation of empty capsids determined? The conformation of E.C.l% is determined by information contained within its constitutent 14S particles. These capsids appear to require no accessory factors for assembly.
However, E.C.5:0 particles are not found in vivo, and those formed in vitro by the selfassembly reaction could not be converted into pl 6.8 procapsid-like structures by incubation in the presence of virus-infected cell extracts (17) . Evidently, additional information in the form of an assembly factor or factors is required for the assembly of PRO681 in vivo and E.C.689 in vitro.
We found that incubation of partially purified 14S particles with mock-infected cell extracts resulted in the assembly of empty capsids, some (about 20%) of which focused at pH 6.8 (17) and were more resistant to trypsin than self-assembled empty capsids (Fig. 8) . The significance of an activity in uninfected cells which affects empty capsid conformation, at least in vitro, remains obscure. Perhaps this activity fortuitously mimics a virus-coded morphogenetic factor. Another possibility is that it interacts with the viral proteins which function in capsid assembly, analogous to the interaction between the bacterial protein groE and phage p31 in T4 head morphogenesis (11) . However, the fact that this activity was not detectable in HeLa cells infected with poliovirus defective-interfering particles (15) , it has been reported that empty capsids isolated from poliovirus-infected cells were dissociated into 14S subunits under mild alkaline conditions (pH 8.5) at 4°C. Empty capsids made in vitro by self-assembly of isolated 14S particles could not be similarly dissociated. Performing the same experiment on our own types of empty shells, we found that PRO`1 and E.C.49 were alkali labile, whereas E.C.51% was stable under the same conditions. The 14S particles produced from the pH 8.5 dissociation of PRO0 31 at 4°C did selfassemble when the pH was lowered to 7.4 and the temperature was raised to 37°C; a typical self-assembled shell, E.C.5%, was the only product of such a reaction.
